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Motivation: astrophysical interpretation of the Pierre Auger data

Source-propagation model

Application to Starburst Galaxies

Analysis & results

Conclusions and future perspectives
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Energy spectrum and mass composition by PAO
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Energy spectrum and mass composition by PAO
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Fitting both the spectrum and composition, one can infer information about the source

scenarios which are compatible to data.

Nuclei are accelerated at the sources.

A hard injection spectrum at the sources is required. Al \
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feature is not easy to accomodate.




Combined fit across the ankle

The ankle feature can be described as a superposition of two components.
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Combined fit across the ankle

The ankle feature can be described as a superposition of two components.

*#Hard spectral index at high energies;

1y(p.He, A>4)=1.0, v;(p,He)=2.7 Fe,gal - ]
Emax(P He,A>4)=52x10"? eV, E o, (p.He)=32x10"? eV Hp

*Soft spectral index at low energies.

Possible solutions:

Different classes nteractions at
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Accelerated particles confined in the environment surrounding the source;

Presence of photon and gas density;

High energy particles—> escape with no interaction;

Low energy particles —> Pile-up of nucleons at lower energies.
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Motivation: Acceleration & Correlation.

Benchmark model: M82.

Leaky box model: computation of interaction and escape times.

G. E. Romero, A. L. Miiller and M. Roth, Astron. Astrophys. 616 (2018), A57
L. A. Anchordoqui, Phys. Rev. D 97 (2018) no.6, 063010

Year
2006 2008 2010 2012 2014 2016 2018

2020

T T | | |
30:__ - Starburst galaxies (rad ' 18 |
—— Jetted AGN (y-rays) - E_ = 40 EeV
C  —— All AGN (hard X-rays) - E 41 EeV
25— __ Galaxies > 1 Mpc (IR) - E,, = 40 EeV
w - . .
A 20+ P 0
A " ! o
.- ™ : .""\v""t
é 15:__ " '*“w‘.
- r s af
e A Ay R, &Y 5
. \ .
3 10f { \p N ’Y\"«‘ 2| =
’ PN A ' ol N
i L | A ' NN
: WWW" : |2
A w‘. : ”‘ co
o A A | A A A A A A A | A A A 1 A A | I
0 20 40 60 80 100 120

Auger exposure > 32 EeV [10” km? yr sr)

J. Biteau for the Pierre Auger Collaboration, ICRC2021

WCl.

Iréne Joliot-Curie

Laboratoire de Physique
des 2 Infinis



E2 F(E) [Gev cm? s

M82 Photon spectra
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Time scale vs Energy
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Adapting SimProp (software for U

ECRs

propagation in extra-galactic space):
Implementation of the photon field in the source;
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neutrinos

Laboratory energy Epab (eV)

Inelastic cross section (mb)
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Escape time

. . Time scale vs Energy :
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Comparison to the experimental data

] Asingle nuclear specie (A = 28) is
propagated inside the source. Sources are
considered identical.
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Comparison to the experimental data

[J Asingle nuclear specie (A = 28) is
propagated inside the source. Sources are
considered identical.

[[] The escaping tluxes are propagated through
the Universe.
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[J Asingle nuclear specie (A =28)is
propagated inside the source. Sources are
considered identical.

[[] The escaping fluxes are propagated through
the Universe.

[[] The fluxes arriving in atmosphere are
compared to the experimental data.
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[J Asingle nuclear specie (A =28)is
propagated inside the source. Sources are
considered identical.

[[] The escaping fluxes are propagated through
the Universe.

[[] The fluxes arriving in atmosphere are
compared to the experimental data.

[(] The chosen prototype is not able to describe
the data at Earth.
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[] Asingle nuclear specie (A = 28) is

o
(A
3

propagated inside the source. Sources are
considered identical.

[[] The escaping tluxes are propagated through
the Universe.

[[] The fluxes arriving in atmosphere are
compared to the experimental data. -

[[] The chosen prototype is not able to describe
the data at Earth.
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10 - cosmogenic neutrino flux
m—— neutrino flux by photo-interaction

m——— neutrino flux by spallation
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[[] Cosmogenic neutrinos are comparable to photo-interaction neutrinos produced in the
source.

[[] Once taken into account also the hadronic interactions, the expected neutrino flux is

larger and can be used to constrain plausible scenarios that describe the UHECR data.
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Associated neutrino fluxes

best case
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[] Decreasing the luminosity, the neutrino fluxes from source decrease ;
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[J A detailed study of the parameter space is foreseen.
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Cross-check on the number of sources

From the comparison to the data .
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Cross-check on the number of sources

logd (Mpc—dex™)

0.3<2<0.45

0.45<7<0.6

N

From the comparison to the data

Using the luminosity functions
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G. Gruppioni et al,
DOIL: https://doi.org/10.1093/mnras/stt308
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https://doi.org/10.22323/1.358.0450

[ Source-propagation model in a Starburst Galaxy : M82;

[ Computing interaction and escape times;

[ Exploring the parameter space in order to describe both the energy spectrum
and composition;

[ Cosmogenic and source neutrino fluxes for each configuration;

[ Cross-check on the number of sources using luminosity functions.

[(J Re-running the analysis using Sibyll2.3d.

[] Paper in preparation..stay tuned!
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[ Source-propagation model in a Starburst Galaxy : M82;

[ Computing interaction and escape times;

[ Exploring the parameter space in order to describe both the energy spectrum
and composition;

[ Cosmogenic and source neutrino fluxes for each configuration;

[ Cross-check on the number of sources using luminosity functions.

[(J Re-running the analysis using Sibyll2.3d.
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A single nuclear specie is injected in the environment surrounding the source;

Interaction and escaping times are computed: if a particle escapes is not propagated anymore, otherwise the
computation of energy and mass losses is performed,;

We are assuming that all the sources are identical and distributed up to a maximum redshift.

The fluxes escaping from the sources are propagated thought the extra-galactic space and compared to the da

at Earth.
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Second extra-galactic component
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Assuming point-like sources identical and uniformly distributed;

Acceleration of five representative masses: Hydrogen, Helium, Nitrogen, Silicon and Iron.

The injected flux for each mass is a power law with a broken-exponential cutoft.

EN\ 7
Ji(E;) = frdo (5) + feut(Biy Z - Reut)
0

through the extra-galactic space and fitted to the Auger energy spectrum and

The injected flux are

composition.

Free parameters of the fit are: J,, 7, R, and (N —1) f,.
The total deviance is considered as the sum of the deviance of the spectrum and the deviance of the

G

composition.
27 |
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To interpret the measured spectrum and mass composition data in terms of astrophysical scenarios, some tools
are needed in order to take into account the role of the propagation.

energy loss length [Mpc]

SimProp is a Monte Carlo simulation code for the propagation of UHECRs through the Universe.
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10%

The propagation of particles is followed, along with that of the secondary particles produced during propagation.

Different models for the Photo-disintegration cross section and EBL model.
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Combined fit above the ankle: results

cut
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UFA model
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Comparison of photon spectra

Interaction length vs Energy
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UFA model

Interaction time vs Energy
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Using the starting prototype a good agreement with respect to data was not found:
M82 configuration does not disintegrate enough injected particles!

Time scale vs Energy
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Laboratory energy Epap (V)

The p-p and p-A cross section ¢ are used to calculate the 1012 1014 1016 1018 120
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